INTRODUCTION
Along the rostro-caudal extent of the neuraxis, neurons decide whether to traverse or avoid the midline-a fundamental decision that is crucial for the bilateral coordination of neural circuits. In higher vertebrates, two major classes of retinal ganglion cell (RGC) axons converge at the ventral diencephalon midline to form the optic chiasm. RGCs arising from the temporal retina (in mouse, the ventrotemporal [VT] crescent) project ipsilaterally, whereas RGCs from nasal retina (in mouse, all other retinal regions outside of the VT crescent, or non-VT) project contralaterally. Axonal decussation establishes the basic circuit for binocular vision (Erskine and Herrera, 2007; Guillery et al., 1995; Petros et al., 2008) , but the molecular mechanisms that direct RGC divergence at the optic chiasm midline remain elusive.
Soon after RGC axons exit the optic stalk, they encounter guidance cues expressed by radial glial cells at the optic chiasm midline as well as by midline neurons situated caudal to the chiasm (Mason and Sretavan, 1997; Petros et al., 2008) . In contrast to non-VT RGC neurites, ipsilateral RGCs from VT retina extend shorter neurites on chiasm cells in vitro (Petros et al., 2009; Wang et al., 1995; Williams et al., 2003) , implicating a repulsive cue at the midline that directs VT RGC axons ipsilaterally. The molecular program for the ipsilateral (uncrossed) retinal projection involves Ephrin-B2 ligand expressed on radial glial cells at the chiasm midline, which repels EphB1-positive VT RGC growth cones (Nakagawa et al., 2000; Petros et al., 2010; Williams et al., 2003) . The ipsilateral trajectory and EphB1 expression are regulated by selective expression of the transcription factor Zic2 in those RGCs that fail to cross the chiasm midline (García-Frigola et al., 2008; Herrera et al., 2003; Lee et al., 2008; Petros et al., 2009) .
How the crossed RGC axonal projection is established remains unclear. The crossed pathway could form passively with crossed RGC axons lacking receptors to respond to inhibitory chiasmatic cues and, thus, projecting across the midline by default (Guillery et al., 1995) . Alternatively, attractive and/or growth-supporting factors could facilitate midline crossing by luring RGCs toward and through the midline, as in the ventral midline of the spinal cord (Dickson and Zou, 2010) . A third possibility is that RGCs with a contralateral trajectory have acquired the ability to overcome an intrinsically inhibitory chiasm environment.
We previously identified Ng-CAM-related cell adhesion molecule (Nr-CAM) as a candidate molecule that facilitates RGC chiasm crossing. Nr-CAM is expressed by non-VT RGCs and by radial glial cells at the chiasm midline. Nr-CAM is also expressed in late-born RGCs that settle in the VT region and project contralaterally. In vivo, Nr-CAM is important only for the late-born contralateral projection from the VT crescent . Presumably other factors function alone or in concert with Nr-CAM to mediate midline crossing, to support the growth of contralaterally projecting RGC axons, and/or to overcome inhibition at the midline. Members of the L1 family of cell adhesion molecules (CAMs), notably Nr-CAM, interact with Semaphorins (Semas) and have been suggested to play a role in midline crossing (Bechara et al., 2007; Derijck et al., 2010; Niquille et al., 2009; Piper et al., 2009; Sakai and Halloran, 2006) .
We have considered the possibility that Semas and their receptors might partner with Nr-CAM to regulate midline crossing at the mouse optic chiasm. We show here that a tripartite molecular system directs contralateral RGC axons across the optic chiasm midline. are expressed on radial glia, Plexin-A1 is expressed on neurons around the chiasm midline, and Plexin-A1 and Nr-CAM are expressed on contralateral RGC axons. Alone, the unconstrained actions of Sema6D repel RGCs with a crossed projection, but presentation of Sema6D in combination with Nr-CAM and Plexin-A1 promotes rather than repels axonal growth of crossed RGCs. We also show that Nr-CAM functions as an axonal receptor for Sema6D and that Sema6D, Plexin-A1, and Nr-CAM are each required for efficient RGC decussation at the optic chiasm in vivo. These findings suggest that contralateral projections depend on the expression of Sema6D, Nr-CAM, and Plexin-A1 by midline chiasm cells-forming a ligand complex that activates a Nr-CAM/Plexin-A1 receptor system on RGCs.
RESULTS

Sema6D
and Plexin-A1 Are Expressed in the Optic Chiasm Several lines of evidence prompted us to investigate the expression patterns of semaphorins at the optic chiasm. First, semaphorins are involved in a variety of midline models (Derijck et al., 2010; Piper et al., 2009; Sakai and Halloran, 2006) . Second, Ig-CAMs are known to modulate semaphorin signaling (Bechara et al., 2007; Nawabi et al., 2010; Wolman et al., 2007) . We therefore examined the expression pattern of semaphorins in the retina and optic chiasm, initially focusing on semaphorin3 (Sema3) and semaphorin6 (Sema6) family members because of their established roles in axon guidance in the mouse forebrain and spinal cord (Derijck et al., 2010; Pecho-Vrieseling et al., 2009; Piper et al., 2009; Rü nker et al., 2008; Suto et al., 2005; Yoshida et al., 2006) .
We identified Sema6D mRNA enriched in the chiasm in the rostral and middle sectors of the chiasm midline, similar to Nr-CAM mRNA Williams et al., 2006) (Figure 1A ). Sema6D colocalizes with Nr-CAM in RC2
+ radial glia at the chiasm midline from E13.5 to E17.5 ( Figures 1B and 1C) , although Sema6D expression extends dorsally along the ventricular zone of the third ventricle ( Figure 1A ). In the retina, Sema6D is restricted to the optic disc, resembling the expression pattern of EphA4 in glial cells at the optic nerve head (Petros et al., 2006 ) (see Figure S1A available online). Sema6A and Sema6C are expressed in the region dorsal and lateral to the supraoptic area of the ventral diencephalon and, thus, are not candidates for regulating midline crossing ( Figure S1A ). Sema3A, Sema3B, and Sema3D mRNAs are not expressed at the chiasm midline ( Figure S1A ). The only known receptors for Sema6D are Plexin-A1 and Plexin-A4, and these receptors can function in axon guidance independent of neuropilins (Takegahara et al., 2006; Toyofuku et al., 2004; Yoshida et al., 2006) . Plexin-A1 is expressed in the CD44 + /SSEA-1 + early-born neurons caudal to the chiasm and in two oval groups of SSEA-1 À cells caudal and slightly dorsal to the chiasm ( Figure S1C Figure 1D ). In summary, Sema6D is expressed in Nr-CAM + radial glia at the chiasm midline, and its receptor Plexin-A1 is expressed in the CD44 + /SSEA-1 + neurons caudal to and intersecting the chiasm radial glia ( Figure 1E ). These expression patterns raise the possibility that Sema6D, Plexin-A1, and Nr-CAM might be involved in guiding RGCs across the chiasm midline.
Sema6D Inhibits Crossed RGC Axons but Promotes Axonal Outgrowth in the Context of the Optic Chiasm
To identify the potential contribution of Sema6D in RGC divergence at the optic chiasm, we made use of our in vitro culture assay of uncrossed VT or crossed dorsotemporal (DT) retinal explants on dissociated chiasm cells ( Figure S2A ). In dissociated chiasm cell cultures, 50.6% of cultured chiasm cells are RC2 + cells, almost all of which express both Sema6D and Nr-CAM, and 36.7% of cells are SSEA-1 + neurons, almost all of which express Plexin-A1 (data not shown). Axons from both DT and VT explants grow extensively on laminin substrates. When grown on chiasm cells, neurite outgrowth from VT explants was reduced by 68%, whereas DT explant neurite outgrowth was reduced only by 25% (DT plus chiasm was 0.75 ± 0.02 versus VT plus chiasm 0.30 ± 0.02; p < 0.01) ( Figures S2B and S2C ). Thus, on chiasm cells, crossed RGCs extend longer neurites than uncrossed RGCs, reflecting their differential behavior at the midline in vivo. Nonetheless, neurite outgrowth from crossed RGCs is moderately decreased on chiasm cells, suggesting the presence of inhibitory factors intrinsic to chiasm cells that dampen the growth of crossed RGCs and must be overcome during RGC traverse of the midline. To investigate a role for Sema6D in RGC axon outgrowth, E14.5 DT or VT retinal explants were cocultured with dissociated chiasm cells ( Figure S2 ) in the presence of a function-blocking Sema6D antibody (aSema6D) or a control antibody (acontrol) ( Figure S3 ). Whereas aSema6D had no effect on VT explant outgrowth, application of aSema6D significantly reduced DT explant neurite outgrowth on chiasm cells by 50% compared to cocultures with acontrol (DT plus chiasm plus aSema6D was 0.50 ± 0.03 versus DT plus chiasm plus aCtr 1.02 ± 0.05; p < 0.01) (Figures 2A and 2B ). These data support the hypothesis that Sema6D is important for growth of contralaterally projecting RGCs at the chiasm midline.
To further test the effect of Sema6D on RGC outgrowth, we measured neurite growth from E14.5 DT and VT explants cultured on HEK cells expressing full-length Sema6D ( Figures  2C and 2D Nr-CAM and Plexin-A1 Reverse the Effect of Sema6D on Crossed RGCs The finding that Sema6D supports crossed RGC outgrowth on chiasm cells suggests that factors at the chiasm midline convert Sema6D from an inhibitory to a growth-promoting factor. Sema6D is coexpressed with Nr-CAM by radial glial cells at the chiasm midline, and Plexin-A1 is expressed by SSEA-1 + chiasm neurons that extend into the chiasm midline ( Figure 1E ). We therefore considered whether Nr-CAM and/or Plexin-A1, in the context of the optic chiasm environment, modulate the repulsive effect of Sema6D on crossed axons. (E) Schema of Sema6D and Plexin-A1 expression at the optic chiasm, depicted in frontal planes. Note that Sema6D is expressed by Nr-CAM + /ephrin-B2 + radial glial cells, and Plexin-A1 is expressed by SSEA-1 + chiasm neurons.
Scale bars, 100 mm. See also Figure S1 .
Neuron
Nr-CAM, Plexin-A1, Sema6D in RGC Midline Crossing
Because HEK cells that are singly transfected do not fully recapitulate the cellular composition of the optic chiasm, we designed a HEK-retina coculture system to present Sema6D, Plexin-A1, and Nr-CAM in a manner that best mimics their expression in the different cell types at the optic chiasm in vivo: Sema6D and Nr-CAM were coexpressed in one set of HEK cells (to mimic radial glia cells), and 0.58 ± 0.01 and DT plus HEK Ctr 1.0 ± 0.02; p < 0.01) ( Figure 3A ). Strikingly, however, when retinal explants were plated on a combination of Sema6D + / Nr-CAM + HEK cells and Plexin-A1 + HEK cells, DT RGC outgrowth was increased by $40% over control levels (DT plus HEK Sema6D/Nr-CAM plus HEK Plexin-A1 was 1.40 ± 0.02 versus DT plus HEK Ctr 1.0 ± 0.02; p < 0.01) ( Figure 3A) . Furthermore, when retinal explants were plated on Sema6D + /Nr-CAM + HEK cells and GST-Plexin-A1 ectodomain protein added, DT RGC outgrowth was increased to an even greater extent, by $70% over control levels ( Figure 3B Figure 3C ). The ectodomain experiments emphasize that Plexin-A1 must work in trans to overcome the repulsive effects of Sema6D.
To further test a role for chiasm Sema6D, Nr-CAM, and Plexin-A1 in implementing RGC crossing, we plated retinal explants from WT embryos on chiasm cells from Plexin-A1 ;Nr-CAM À/À chiasm cells was ameliorated by addition of aSema6D (DT plus DKO chiasm plus aSema6D was 0.86 ± 0.03 versus DT plus DKO chiasm 0.40 ± 0.01; p < 0.01), indicating that in the absence of chiasm cell-derived Plexin-A1 and Nr-CAM, chiasm cells are inhibitory to RGC axon growth due to the presence of Sema6D. These results suggest that within the chiasm environment, Nr-CAM and Plexin-A1, expressed in chiasmatic radial glia and SSEA-1 + neurons, respectively, act to support RGC axon growth across the optic chiasm midline by modifying the effect of Sema6D on radial glia from a repulsive to a growthpromoting cue. 
(E) Summary of results in (D) . Note that DKO chiasm cells are unsupportive of WT RGC neurite outgrowth, but DT neurite outgrowth is partially restored in the presence of aSema6D. Numbers in parentheses represent the number of explants for each condition. All data from quantification of normalized neurite outgrowth are expressed as mean ± SEM. p Values are from oneway ANOVA followed by Tukey's post hoc test; *p < 0.01.
Plexin-A1 and Nr-CAM Are Expressed on Crossed RGCs
If Sema6D is a cue that is involved in midline crossing, the only known receptors, Plexin-A1 and Plexin-A4, may be restricted to crossed RGCs. By in situ hybridization and immunostaining, we established that Plexin-A1 is predominantly expressed in non-VT RGCs from E13 to E17.5, and it is upregulated in E17.5 VT RGCs when late-born VT RGCs extend contralaterally (Figures 4A and 4B) . Plexin-A4 is not expressed in RGCs during these periods (Figure S1B) . To verify that Plexin-A1 is expressed in crossed RGCs, we localized Plexin-A1 mRNA and Zic2, a transcription factor expressed only in VT RGCs at E14.5 (Herrera et al., 2003) . Roughly 90% of Zic2 + RGCs were Plexin-A1 negative.
Some RGCs expressing both Zic2 and Plexin-A1 were positioned at the central border of the VT region ( Figure 4C ). Plexin-A1 protein is detectable on DT growth cones, but not on WT VT or Plexin-A1 À/À DT neurites ( Figure 4D ). Thus, similar to Nr-CAM, Plexin-A1 is expressed by RGCs with a crossed trajectory ( Figure 4E ). 5B ). An even greater reduction in neurite outgrowth (64%) was observed in DT explants from Plexin-A1 DT plus HEK Sema6D was 0.99 ± 0.01, p < 0.01) ( Figure 5C ). Thus, expression of both Nr-CAM and Plexin-A1 in RGCs is required for Sema6D-elicited repulsion and for outgrowth on Sema6D + chiasm cells.
To further explore the role of Plexin-A1 and Nr-CAM on RGCs for growth support in the context of the optic chiasm midline, we cocultured WT, Nr-CAM Figure 5D ; also see Figure 3A ). ;Nr-CAM À/À DT explants ( Figure 5D ). Thus, both
Plexin-A1 and Nr-CAM are required on crossed RGCs for inhibition by Sema6D alone and growth promotion by Sema6D presented together with Nr-CAM and Plexin-A1 ( Figure 5E ). Note that Plexin-A1 and Nr-CAM expressed on RGCs seem to play equivalent, additive roles in this function ( Figures 5A, 5C , and 5D).
The Late-Born Crossed VT Projection Relies on Plexin-A1, Nr-CAM, and Sema6D for Midline Crossing At E17.5, Plexin-A1 and Nr-CAM are expressed in both non-VT and in VT retina ( Figure 4B ; Williams et al., 2006) . Sema6D is still expressed at the chiasm midline at E17.5 ( Figure 1C ). Consequently, both DT and VT WT explants from E17.5 retina cultured in the presence of aSema6D grew more poorly on chiasm cells compared to growth on chiasm cells without aSema6D (DT plus chiasm plus aSema6D was 0.50 ± 0.01 versus DT plus chiasm plus aCtr 0.69 ± 0.01, p < 0.01; VT plus chiasm plus aSema6D was 0.27 ± 0.01 versus VT plus chiasm plus aCtr 0.69 ± 0.02, p < 0.01) ( Figure S7D ). Thus, the late-born RGCs in VT retina that have a contralateral projection are responsive to Sema6D, corresponding to the late expression of Plexin-A1 and Nr-CAM in the VT retina after E17.5, and further supporting the hypothesis that Plexin-A1 and Nr-CAM on crossed RGCs require Sema6D, Plexin-A1, and Nr-CAM at the optic chiasm to implement midline crossing.
Nr-CAM Is a Receptor for Sema6D
To investigate whether Nr-CAM might directly interact with Sema6D, we examined the binding of Sema6D to Nr-CAM and other CAMs such as L1, Neurofascin, and TAG-1, all of which are predominantly expressed in contralaterally projecting RGCs in vivo (Bechara et al., 2007; Maness and Schachner, 2007; Williams et al., 2006) and on their axons and growth cones in vitro ( Figure 6A ). We performed an alkaline phosphatase (AP) binding assay by adding AP-Sema6D to HEK cells expressing Sema receptors or different CAMs (Yoshida et al., 2006 Figure 6B ). Nr-CAM-Sema6D binding was perturbed by aSema6D treatment ( Figure S5A ). In addition using AP-Sema6C and AP-Sema6A, we found that Nr-CAM interacts with Sema6C but not Sema6A, highlighting some degree of specificity in Nr-CAM-Sema6D interactions ( Figure S5A ). Thus, Nr-CAM can bind to Sema6D. To determine if Sema6D binds to endogenous Nr-CAM and Plexin-A1 on RGC axons, we applied AP-Sema6D to WT, Nr-CAM ;Nr-CAM À/À chiasm was completely absent ( Figure 6C ).
To further characterize Nr-CAM interactions with Plexin-A1 and with Sema6D, we performed coimmunoprecipitation (coIP) on HEK cells expressing Plexin-A1 and Nr-CAM, and on HEK cells expressing Nr-CAM and Sema6D. Vsv-tagged Plexin-A1 coprecipitated with Nr-CAM, and v5-tagged Sema6D coprecipitated with Nr-CAM ( Figures 6D and 6E) . In contrast, vsv-tagged Plexin-A1 did not coprecipitate with Neurofascin. These results suggest that Nr-CAM can interact with both Sema6D and Plexin-A1.
We next determined whether Nr-CAM facilitates binding of Plexin-A1 to Sema6D. In an AP-Sema6D binding assay in HEK cells transfected with either Plexin-A1, Nr-CAM, or both, 1.3-2.3 times more HEK cells transfected with both Plexin-A1 and Nr-CAM displayed AP-Sema6D binding than cells transfected with Plexin-A1 only or Nr-CAM only ( Figures S6B and S6C) . We attempted to determine the binding affinity of AP-Sema6D to Plexin-A1 or Nr-CAM alone, and together, but AP-Sema6D binding to Plexin-A1 and Nr-CAM alone gave variable binding affinity values, possibly due to weak binding. Taken together, these data reveal several different Nr-CAM-Plexin-A1 binding scenarios: they could interact between or within RGC axons, between distinct chiasm cell populations, and/or between RGCs and chiasm cells to modify the inhibitory action of Sema6D.
Sema6D, Nr-CAM, and Plexin-A1 at the Optic Chiasm Midline Are Necessary for the Formation of the Crossed Projection In Vivo
To explore the role of Sema6D in chiasm formation in an intact brain, we added aSema6D to E14.5 WT brains in which the chiasm had been exposed. Brain preparations treated with aSema6D displayed a 37% increase in the size of the ipsilateral projection compared to brains treated with acontrol ( Figure S6 ) (embryos plus aSema6D was 1.37 ± 0.04 versus embryos plus aCtr 1.0 ± 0.04; p < 0.01). These results suggest that if Sema6D function is blocked, axons have a tendency to project ipsilaterally.
We next probed the role of Sema6D, Plexin-A1, and Nr-CAM in retinal axon decussation in vivo by examining the phenotype of the optic chiasm in Sema6D
, and Plexin-A1 À/À ;Nr-CAM À/À with anterograde DiI labeling (Figure 7A) . At E14.5 and E15.5, the Nr-CAM À/À chiasm displayed no obvious defects in decussation are aberrantly routed into the ipsilateral optic tract. Thus, in the absence of Sema6D or both Plexin-A1 and Nr-CAM in vivo, RGC axons defasciculate, misroute into the caudal diencephalon, and more frequently project into the ipsilateral optic tract.
DISCUSSION
Cues responsible for the contralateral projection of retinal axons have long remained unclear. In this study we document a tripartite recognition system that actively regulates RGC midline crossing. Sema6D is the focal point of a molecular complex in which Plexin-A1 and Nr-CAM on chiasm cells engage Sema6D and switch the sign of Sema6D from growth inhibiting to growth promoting. This scheme provides a strategy for midline crossing: in particular the modulation of ligand activity by accessory recognition proteins expressed by ligand-presenting cells. Such a guidance mechanism achieves a switch in ligand activity without changing expression of receptor subunits on responsive axons ( Figures 8D and S8 ).
Switching the Sign of Sema6D to Direct RGC Decussation at the Optic Chiasm Our findings reveal that the interaction of Sema6D, Plexin-A1, and Nr-CAM on chiasm cells inverts the sign of Sema6D signaling and represents a switch mechanism crucial for chiasm crossing. The deployment of distinct receptor subunits has been shown to switch axonal responses to an individual guidance molecule in many different neural systems. As one example, Sema3E is a repulsive cue for distinct populations of forebrain axons that express Plexin-D1 alone, but when Neuropilin1 and Plexin-D1 are coexpressed by these axons, Sema3E signaling promotes rather than retards growth (Chauvet et al., 2007) . In an analogous manner the expression of the netrin receptor, unc5, and its vertebrate counterparts (UNC5H1-3) can change the response of its coreceptor unc40/DCC to the guidance factor unc-6/netrin from attraction to repulsion (Chisholm and TessierLavigne, 1999; Culotti and Merz, 1998; Hong et al., 1999) . In these and other instances, a change in the receptor complex expressed by axons underlies the switch in response to guidance cues. The scenario we describe in this study is conceptually different in that the expression of Nr-CAM and Plexin-A1 by ligand-presenting midline cells triggers the switch in axonal response.
Although we recognize the existence of other conceivable strategies for switching the response of RGCs to Sema6D (Figure S8) , our data can best be explained by a model in which Nr-CAM and Plexin-A1 on chiasm cells modulate the interaction of the Sema6D ligand with Nr-CAM and Plexin-A1 receptors on RGCs. The fact that Plexin-A1 and Nr-CAM are expressed by the ligand-presenting cells (midline glia and chiasm neurons) as well as by RGCs poses the question of how they change RGC axon interactions with Sema6D. One possibility is that Nr-CAM and Plexin-A1 on chiasm cells alter the conformation of the Nr-CAM and Plexin-A1 receptor system on RGCs. This altered receptor state would then transduce Sema6D signals in a manner different from that of Sema6D alone. An alternative idea is that the conformation of Sema6D on midline glia is changed by its interaction with Nr-CAM on midline glia and with Plexin-A1 on chiasm neurons, such that Sema6D association with the Nr-CAM/Plexin-A1 receptor system on RGC axons triggers growth rather than inhibition ( Figure 8D ). Evaluation in vivo of the phenotype of Sema6D flox/flox , Plexin-A1 flox/flox , and Nr-CAM flox/flox mice will require the construction of new and more selective means of gene inactivation in chiasm cells. Furthermore, although the detailed organization of the Sema6D/Nr-CAM/Plexin-A1 receptor complex is not yet known, the structural characterization of semaphorin ligands bound to plexin receptors (Janssen et al., 2010; Nogi et al., 2010) could provide insights into such potential molecular interactions at the chiasm. How the presentation of Nr-CAM, Plexin-A1, and Sema6D by the chiasm midline activates different downstream signaling cascades in RGCs compared to the action of Sema6D alone remains unclear. Downstream signaling cascades that switch attractive to repulsive responses have been described for Ephephrin interactions (Egea et al., 2005) . The FAK/Src signaling pathway is activated in Sema3B-induced attraction, but not in Sema3B-induced repulsion (Falk et al., 2005) . Similarly, a calmodulin-activated adenylate cyclase (ADCY8) is critical for antagonizing Slit-induced repulsion via the chemokine SDF1, and knockdown of ADCY8 restores sensitivity to slit and aberrantly drives RGC axons ipsilaterally (Xu et al., 2010) .
RGC Axon Fasciculation at the Optic Chiasm
Fasciculation is critical for axon guidance (Raper and Mason, 2010) . In the retina, disruptions in RGC fasciculation and coherence of the optic chiasm can occur independently of errors in midline crossing (Plump et al., 2002) . In addition to their guidance function in switching Sema6D from growth inhibition to promotion, Nr-CAM, Plexin-A1, and Sema6D could regulate fasciculation of RGC axons as they cross the midline. The RGC projection is defasciculated in Sema6D À/À and Plexin-A1 À/À ;Nr-CAM À/À mice, more notably in axons that have already traversed the midline (Figure 7) . In higher vertebrates, crossed axons from each eye rearrange into smaller bundles, interdigitating with each other as they traverse the midline (Colello and Guillery, 1998; Guillery et al., 1995) . By modifying Sema6D inhibition, Nr-CAM-Plexin-A1 interactions at the midline could also function to split RGC axon fascicles axons into smaller units that facilitate penetration of radial glial fibers and extension across the midline. Insufficient defasciculation or fasciculation in the absence of Sema6D, Nr-CAM, and Plexin-A1 could impede axons from traversing the midline, leading to an increased ipsilateral projection, misrouting, and perturbed topographic connections in targets (Chan and Chung, 1999; Sakano, 2010) .
Additional Molecules for Decussation at the Optic Chiasm?
Our data indicate that the growth-supporting activity of the Sema6D, Nr-CAM, and Plexin-A1 complex at the optic chiasm is crucial for proper formation of the crossed pathway. However, in Sema6D À/À and Plexin-A1
;Nr-CAM À/À mice, in which axon fasciculation is severely perturbed, the majority of non-VT axons still cross the midline. VEGF has been identified at the optic chiasm as a long-range cue that interacts with Neuropilin1 to attract crossing axons toward the midline (Erskine et al., 2011) . mice also retain a large contralateral projection. Thus, guidance cues other than VEGF and Sema6D may be involved in midline crossing and establishment of the crossed RGC axon pathway. Alternatively, the persistence of the contralateral projection in all of these mutants could reflect an underlying tendency of RGCs to cross the midline (Guillery et al., 1995) . Crossing the midline may be an easier option than turning back into the ipsilateral optic tract. The tripartite system described here, as with VEGF/ neuropilin signaling, could provide a necessary molecular ''boost'' that augments this inertial midline tendency.
EXPERIMENTAL PROCEDURES Mice
All animal procedures followed the regulatory guidelines of the Columbia University Institutional Animal Care and Use Committee. Noon of the day on which a plug was found was considered E0.5. Generation, breeding, and genotyping of Nr-CAM
, and Sema6D À/À mutants were described previously by Sakurai et al. (2001) , Takamatsu et al. (2010), and Yoshida et al. (2006) . Mice were maintained on a 129SvEvS6 (Nr-CAM
À/À and Sema6D
double mutants were generated from these mutants resulting in a 129SvEvS6/ C57BL/6 background. These mice are born at roughly Mendelian ratios, are fertile, and survive to adulthood.
DiI Labeling
Whole-anterograde and retrograde labeling was performed on fixed tissue using DiI (Molecular Probes) as described previously by Pak et al. (2004) and Plump et al. (2002) . For quantification of the ipsilateral projection in mutants anterogradely labeled with DiI, pixel intensity of DiI + ipsilateral and contralateral optic tracts adjacent to chiasm midline in a 500 3 500 mm area was measured with MetaMorph image analysis software. The ipsilateral index was obtained by dividing the intensity of the ipsilateral projection as seen in whole mounts by the sum of the contralateral and ipsilateral pixel intensities. Each of the ipsilateral indexes in mutants was normalized to the WT ipsilateral index. Details are shown in Figure 7B .
Retina-Chiasm Cell Cocultures
Retinal explants were dissected from E14.5 WT C57BL/6 or mutant embryos as described previously by Wang et al. (1996) . To harvest chiasm cells, a 400 3 400 mm area of the ventral diencephalon that included the chiasm midline was dissected, dissociated, and plated at a density of 140,000 cells/ dish shortly after retinal explants were plated, in DMEM/F12 serum-free medium containing 0.4% methylcellulose with 80 mg/ml aSema6D or preimmune serum added. Cultures were grown for 18 hr and then fixed for 30 min with 4% PFA. Neurites were visualized with a monoclonal neurofilament antibody (2H3). The total area covered by neurites of individual explants was quantified by measuring pixel intensity with OpenLab image analysis software. The amount of axon growth was normalized with respect to the outgrowth of DT or VT explants under control conditions, and indicated in the leftmost bar in graphs in Figures 2, 3 , and 5. Each experiment was carried out at least three times, and in each experiment at least four explants were treated in each experimental group. Explants with neurites emanating from only one region, or explants with few or no axons, independent of the condition, were excluded from quantitative analysis. Cultured Intact Visual System E14.5 heads were dissected and the skin and upper palate removed to expose the optic chiasm. These exposed brain preparations were described previously by Williams et al. (2003) . To block Sema6D, 80 mg/ml of Sema6D antibody or preimmune serum was added to the medium. Cultures were fixed with 4% PFA overnight. DiI was placed in one retina and labeled for 5 days at room temperature. Fluorescent images were taken with an AxioCam digital camera on an Axioplan 2 upright or Stemi SV11-dissecting Zeiss microscope. The size of the ipsilateral projection in exposed brain preparations treated with Sema6D or control antibody was quantified by the method described above for anterograde DiI labeling.
Retina-HEK Cell Cocultures
In Situ Hybridization and Immunohistochemistry
In situ hybridization using DIG-labeled probes for Plexin-A1, Plexin-A2, Plexin-A4, Neuropilin-1, Sema6A, Sema6B, Sema6C, Sema3A, Sema3B, Sema3D (Invitrogen), Shh (gift of P. Bovolenta, Universidad Autó noma de Madrid), VEGF165 (gift of C. Ruhrberg, University College, London), EphB1, ephrin-B2, Sema6D, and Nr-CAM was performed as described previously by Williams et al. (2003 Williams et al. ( , 2006 and Yoshida et al. (2006) . Immunolabeling of retinal explant cultures, retina-chiasm cocultures, and cryosections was performed with the following primary antibodies: mouse IgG anti-neurofilament (2H3, 1:5); mouse IgM anti-TAG-1 (4D7, 1:100); rabbit anti-Neurofascin (1:2,000); rabbit antiNr-CAM837 (1:500); mouse IgG anti-L1CAM (2C2, 1:500; Abcam); goat IgG anti-Neuropilin1 (1:500; R&D Systems); rabbit anti-Zic2 (1:10,000; gift of S. Brown, Columbia University); mouse IgM anti-RC2 (1:4); mouse IgG bIIItubulin (Tuj1) (1:1,000; Sigma-Aldrich); mouse IgM anti-SSEA-1 (1:5); rabbit anti-Sema6D (1:400); and rabbit anti-Plexin-A1 (1:500) antibodies. Cy3, Cy5 (Jackson), or Alexa Fluor 488 (Molecular Probes) was used as secondary antibody. Hoechst 33258 (Molecular Probes) was used for nuclear staining. Images were captured with an AxioCam digital camera on a Zeiss Axioplan 2 microscope.
Binding Assays
For coIP assays, HEK293 cells were transfected with cDNAs encoding fulllength Nr-CAM and vsv-tagged Plexin-A1 or v5-tagged Sema6D. CoIP assays the side of the chiasm contralateral to the midline are defasciculated (arrowheads); at E15.5 both ipsi-and contralateral projections in these mutants are highly defasciculated (arrowheads), and the ipsilateral projection is greatly increased (arrows) (n R 3 embryos for each condition). Schematic depicts a summary of WT and mutant chiasm phenotypes. ;Nr-CAM À/À mutants.
(C) Summary of interactions between Nr-CAM and Plexin-A1 on crossed RGCs and Sema6D substrates in vitro, and between Nr-CAM and Plexin-A1 on crossed RGCs and Nr-CAM/Sema6D (on midline radial glia) and Plexin-A1 (on SSEA-1 + neurons) in the chiasm in vivo.
were performed as described by Castellani et al. (2000) . Immunoprecipitated proteins were detected by anti-Nr-CAM (1:500), anti-v5 (1:1,000; Invitrogen), and anti-vsv (1:500; Sigma-Aldrich). An AP binding assay was performed as described previously by Yoshida et al. (2006) . AP-Sema6D-Fc, AP-Sema6A, or AP-Sema6C (gift of H. Fujisawa, Nagoya University) was transfected into HEK293 cells, and the protein was purified from culture supernatants. To assess binding, HEK293 cells were transiently transfected with expression vectors encoding Plexin-A1 (gift of A.W. Pü schel), Neuropilin-1 (gift of R.J. Giger, University of Michigan), Nr-CAM, L1 (gift of D. Felsenfeld, Mount Sinai School of Medicine), TAG-1 (gift of A. Furley, University of Sheffield), or Neurofascin 186 (gift of V. Bennett, Duke University). AP-fusion protein binding to tissue sections was performed as described previously by Yoshida et al. (2006) .
Statistical Tests
All data were analyzed, and graphs were constructed using OpenLab imaging software, MetaMorph software, or Microsoft Excel. All error bars represent the SEM, and statistical analysis was determined using one-way ANOVA followed by the Tukey's post hoc test, where appropriate. In each figure the asterisk (*) indicates p < 0.01, and N.S. indicates not significant (p > 0.05).
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